Ipfencarbazone exhibits excellent herbicidal activity against Echinochloa spp. and is safe for transplanted rice at a dose of 250 g a.i./ha. However, the effect of various environmental factors on its activity has not been verified. The present study evaluated the factors affecting the herbicidal activity of ipfencarbazone against Echinochloa spp. and its phytotoxicity to transplanted rice. The herbicidal activity and phytotoxicity of ipfencarbazone were barely affected by temperature, soil texture, water leakage, or flooding water depth. When an overflow was conducted artificially 6 hr after application, the herbicidal activity was stable. Furthermore, ipfencarbazone completely inhibited the emergence of Echinochloa spp. for 56 days regardless of the soil texture, water leakage and overflow conditions. When the period between application and reflooding was within 24 hr of herbicide application, the phytotoxicity of ipfencarbazone on transplanted rice was slight. These results suggest that ipfencarbazone shows stable efficacy in practical use.
Introduction
Ipfencarbazone [1-(2,4-dichlorophenyl)-2′,4′-difluoro-1,5-dihydro-N-isopropyl-5-oxo-4H-1,2,4-triazole-4-carboxanilide] is a novel herbicide developed by Hokko Chemical Industry Co., Ltd. Ipfencarbazone has been reported to exhibit excellent herbicidal activity against annual weeds such as Echinochloa spp., Lindernia spp. and Cyperus difformis at a dose of 250 g a.i./ha (practical dose). 1) Especially when it was applied before the emergence of weeds, it controlled the growth of Echinochloa spp. for a long time. Furthermore, it is safe for transplanted rice seedlings. 1, 2) Generally, the herbicidal activity and selectivity of herbicides on weeds and crops are known to be affected by various environmental factors, such as temperature, water leakage, soil texture and water overflow. [3] [4] [5] [6] [7] [8] [9] [10] [11] However, the effects of these environmental factors on the herbicidal activity and phytotoxicity of ipfencarbazone have not been verified.
Recently, the application of herbicides simultaneously with transplanting has become a popular labor-saving technique in rice cultivation. This application method omits additional weed control and enables uniform application of the herbicide. On the other hand, simultaneous herbicide application and transplanting necessitates the control of weed growth for a long time. Another important aspect to be considered with this method is the period between application and reflooding. Generally, paddy fields are reflooded after rice seedlings are transplanted, and then herbicides are applied. However, during simultaneous application and transplanting, the herbicide is applied under the condition of low flooding water depth. When applied under low flooding water depth conditions, herbicides were absorbed by transplanted rice seedlings at a higher concentration, thus, worsened phytotoxicity was expected. 11) If there is a long time lapse between herbicide application and reflooding, since the rice seedlings are likely to absorb a high concentration of herbicide, there is concern that phytotoxicity on rice seedlings will worsen.
The present study evaluated the effects of temperature, soil texture, water leakage, and water overflow on the herbicidal activity of ipfencarbazone against Echinochloa spp. and its safety for transplanted rice seedlings. Furthermore, to evaluate the capability of herbicide application simultaneously with transplanting, we investigated the effect of flooding water depths and the period between herbicide application and reflooding.
Materials and Methods

Materials
The herbicidal activity of ipfencarbazone was evaluated using Echinochloa spp., including Echinochloa crus-galli Beauv. var. crus-galli, E. crus-galli Beauv. var. formosensis Ohwi and E. oryzicola Vasing. These seeds were collected in paddy fields located in Atsugi City, Kanagawa, Japan. The phytotoxicity of ipfencar-bazone was evaluated using rice plants (Oryza sativa L. 'Nipponbare'). The test compound, the technical grade of ipfencarbazone, was diluted in 10% acetone solution containing 1% nonionic surfactant. Unless stated otherwise, each experiment was carried out in triplicate in a glass greenhouse (natural light, minimum/maximum temperature: 13.6 /32.1°C).
Effect of temperature on herbicidal activity and phytotoxicity
A Wagner pot (1/5000 a) was filled with light clay (characteristics of the tested soil are presented in Table 1 ). The soil in the pot was puddled after flooding. The seeds of Echinochloa spp. were sown on the soil surface or rice seedlings at the 2.1 leaf stage were transplanted at a depth of 2 cm. After sowing or transplanting, the pots were flooded with water to a depth of 3 cm. The pots were placed in growth chambers at 30/25°C, 25/20°C, or 20/15°C (day/night cycle, 14 /10 hr).
When the Echinochloa spp. grew to a 3.0 leaf stage or after the rice seedlings were transplanted, 250 g a.i./ha of ipfencarbazone was applied on the water. The dry weight of shoots was measured 30 days after application. During the experiment, the flooding water depth was maintained at 3 cm without water leakage.
Effect of soil texture on herbicidal activity and phytotoxicity
Light clay or sandy loam was used (characteristics of the tested soil are presented in Table 1 ). Wagner pots (1/5000 a) were filled with either light clay or sandy loam. The soil in the pots was puddled after flooding. The sowing of Echinochloa spp., transplanting of rice seedlings and herbicide application were carried out as described in section 2. The dry weight of shoots was measured 28 days after herbicide application.
The residual activity of ipfencarbazone was evaluated as follows. After filling a Wagner pot (1/5000 a) with either light clay or sandy loam, the soil was puddled after flooding. Subsequently, 4-5 seeds of germinated Echinochloa spp. were sown on the soil surface, and the pots were flooded with water to a depth of 3 cm. On the next day after puddling, an ipfencarbazone solution was applied to the water surface at a dose of 250 g a.i./ha. At an interval of 7 days, 4-5 seeds of germinated Echinochloa spp. were sown onto the surface of the soil after the application of ipfencarbazone, and the degree of growth inhibition (herbicidal activity) was examined by a visual rating (0% (no weed control) to 100% (complete inhibition)) 28 days after sowing. During the experiment, the flooding water depth was maintained at 3 cm without water leakage.
Effect of water leakage on herbicidal activity and phytotoxicity
A Wagner pot (1/5000 a) was filled with light clay. The puddling of soil, seeding of weeds, transplanting of rice seedlings and herbicide application were carried out as described in section 2. Water leakage was carried out at a rate of 2 cm/day for 5 days from the day after herbicide application. The dry weight of shoots was measured 28 days after herbicide application.
Except for the water leakage condition, the residual activity of the herbicide was evaluated under conditions similar to those described in section 3. Water leakage was carried out at a rate of 1 or 2 cm/day for 5 days from the day after herbicide application. During the experiment, the flooding water depth was maintained at 3 cm.
Effect of paddy water exchange (overflow) on herbicidal activity
To assess the effect of overflow due to sudden heavy rainfall, we evaluated the herbicidal activity of ipfencarbazone under an overflow condition. A Wagner pot (1/5000 a) was filled with light clay. The puddling of soil, seeding of weeds and herbicide application were carried out as described in section 2. Overflow was carried out according to the method described by Morita et al. 12) Paddy water equivalent to 100 mm of rainfall was exchanged for tap water 3, 6, and 24 hr after application. The dry weight of shoots was measured 31 days after application.
Except for overflow conditions, the residual activity of herbicide was evaluated under conditions similar to those described in section 3. According to the method of Morita et al., 12) artificial overflow was carried out as follows. Paddy water equivalent to 50 or 100 mm of rainfall was exchanged for tap water 6 hr after application. During the experiment, the flooding water depth was maintained at 3 cm without water leakage. a) The physical characteristics of the tested soils were analyzed by PALYNO SURVEY Co., Ltd., Japan.
Effect of flooding water depth on herbicidal activity and phy-
totoxicity A Wagner pot (1/5000 a) was filled with light clay. The puddling of soil, seeding of weeds, transplanting of rice seedlings and herbicide application were carried out as described in section 2. The flooding water depth during the application was adjusted to 1, 3, or 8 cm. The dry weight of shoots was measured 30 days after application. During the experiment, the flooding water depth was maintained during application without water leakage.
Effect of the period between herbicide application and reflood-
ing on phytotoxicity A Wagner pot (1/5000 a) was filled with light clay. The puddling of soil and transplanting of rice seedlings were carried out as described in section 2. After the transplanting of rice seedlings, the paddy water was removed and ipfencarbazone was applied to the soil surface at a rate of 250 g a.i./ha approximately 2 cm from the rice seedlings. At 3, 6 or 24 hr after application, the pots were reflooded to a depth of 3 cm. The dry weight of shoots was measured 30 days after application. During the experiment, the flooding water depth was maintained at 3 cm without water leakage.
Statistical analysis
Statistical significance was determined using the SPSS Statistics software version 24.0 (IBM Japan Corp., Nihonbashi, Tokyo, Japan). Tukey's test was conducted and the difference was considered significant at p<0.05.
Results
Effect of temperature on herbicidal activity and phytotoxicity
Ipfencarbazone exhibited excellent herbicidal activity against Echinochloa spp. at the 3.0 leaf stage under all temperature conditions. In particular, under the 30/25°C and 25/20°C conditions, ipfencarbazone completely killed Echinochloa spp. at the 3.0 leaf stage and there was no significant difference in herbicidal activity among the temperature conditions. Similarly, the dry weight of transplanted rice decreased marginally under all temperature conditions (Fig. 1) . 
Effect of soil texture on herbicidal activity and phytotoxicity
Ipfencarbazone exhibited high herbicidal activity against Echinochloa spp. at the 3.0 leaf stage in light clay and sandy loam. The dry weight of transplanted rice decreased marginally in both soils and there was no significant difference in phytotoxicity between the two soils (Fig. 2) . Additionally, ipfencarbazone completely inhibited the emergence of Echinochloa spp. for 56 days after application in both soils. From 63 days after application, the residual activity of ipfencarbazone against Echinochloa spp. decreased, and the rate of decrease in both soils was similar (Fig.  3) .
Effect of water leakage on herbicidal activity and phytotoxicity
Ipfencarbazone exhibited excellent herbicidal activity against Echinochloa spp. at the 3.0 leaf stage regardless of water leakage. The dry weight of transplanted rice decreased marginally regardless of water leakage (Fig. 4) . Furthermore, ipfencarbazone completely inhibited the emergence of Echinochloa spp. for 56 days after application (Fig. 5) . With an increase in the amount of water leakage, the residual activity tended to decrease from 63 days after application. However, there was no significant difference in residual activity among the water leakage conditions.
Effect of paddy water exchange (overflow) on herbicidal activ-
ity When the paddy water was exchanged 3 hr after application, the dry weight of Echinochloa spp. at the 3.0 leaf stage increased in comparison with the condition in which paddy water was not exchanged. However, when the paddy water was exchanged 6 or 24 hr after application, ipfencarbazone exhibited excellent herbicidal activity against Echinochloa spp. (Fig. 6) . Ipfencarbazone completely inhibited the emergence of Echinochloa spp. for 56 days after application regardless of the exchange of paddy water. With an increase in the amount of exchanged paddy water, the residual activity tended to decrease from 63 days after application (Fig. 7) . However, there was no significant difference in the 9 . Effect of the period from herbicide application to reflooding on the phytotoxicity of ipfencarbazone against rice seedlings just after transplanting at a dose of 250 g a.i./ha. Dry weight was measured 30 days after application. Vertical bars represent ± SD. residual activity among the amounts of paddy water exchanged.
Effect of flooding water depth on herbicidal activity and phy-
totoxicity Ipfencarbazone exhibited excellent herbicidal activity against Echinochloa spp. at the 3.0 leaf stage under all flooding water depth conditions. The dry weight of transplanted rice decreased marginally under all flooding water depth conditions. There was no significant difference among the flooding water depth conditions (Fig. 8) .
Effect of the period between herbicide application and reflood-
ing on phytotoxicity As the period between application and reflooding was prolonged, the dry weight of rice seedlings decreased. However, even when the period between application and reflooding was 24 hr, the decrease in dry weight was only 7.6%. Furthermore, there was no significant difference among different periods between application and reflooding (Fig. 9) .
Discussion
The present study evaluated the effects of various environmental factors on the herbicidal activity on Echinochloa spp. and the phytotoxicity of ipfencarbazone. The results revealed that the effect of temperature on the activity of ipfencarbazone was negligible ( Fig. 1) . It has been reported that the phytotoxicity of several herbicides worsens due to the increased absorption of herbicides with an increase in temperature. 8, 13) It has been confirmed that soil strongly adsorbs ipfencarbazone and forms a layer of ipfencarbazone on the surface.
1) It is estimated that plants absorb ipfencarbazone from the basal part of the leaf sheath. 14) As the basal part of the leaf sheath on transplanted rice seedlings is normally located below the herbicide layer, it was expected that the transplanted rice would rarely absorb ipfencarbazone regardless of the temperature condition. Therefore, it was inferred that ipfencarbazone did not cause worsening of phytotoxicity to rice seedlings by temperature.
In this study, the soil texture and water leakage did not significantly affect the herbicidal activity or phytotoxicity of ipfencarbazone (Figs. 2-5 ). The soil texture and water leakage were shown to have an effect on the downward migration of herbicides. 15) When the adsorption ability of soil for herbicides is low and/or water leakage is high, the downward migration of herbicides is expected to vary and, consequently, affect the absorption of herbicides by plants. 5, 6) Echinochloa spp. form the basal part of the leaf sheath near the soil surface after germination. 16) On the other hand, rice seedlings are transplanted to ensure that the basal part of the leaf sheath is located at a depth of 2-4 cm in the soil. The difference in the location of the main absorption site probably leads to the physical selectivity between Echinochloa spp. and transplanted rice. Regardless of the soil texture and water leakage condition, it has been confirmed that ipfencarbazone hardly moves downward in the soil and forms an herbicide-treated layer on the soil surface. 1) In the experiment, it was considered that the physical selectivity between Echinochloa spp. and transplanted rice was probably maintained by the strong herbicide-treated layer on the soil surface. The herbicidal activity of ipfencarbazone was maintained when the paddy water was exchanged 6 and 24 hr after application (Figs. 6, 7) . A recent study suggested that herbicides with low water solubility are more quickly adsorbed by the soil than are herbicides with high water solubility, and the herbicidal activity was hardly affected by overflow.
9) The water solubility of ipfencarbazone has been reported to be 0.515 ppm.
1) As this value is similar to that of other herbicides, which were reported as not affected by overflow, it was presumed that the herbicidal activity of ipfencarbazone was not significantly affected by the exchange of paddy water 6 hr after application. However, in the present study, when paddy water was exchanged 3 hr after application, the dry weight of Echinochloa spp. increased. Therefore, to maximize the herbicidal activity of ipfencarbazone, drainage of paddy water shortly after application should be avoided.
During simultaneous herbicide application and transplanting, the herbicides are applied under conditions of almost no paddy water in the field. If the period between application and reflooding is prolonged, herbicides are expected to insufficiently diffuse from the application points and to exist at a high concentration. Therefore, to examine ipfencarbazone for application simultaneously with transplanting, the effect of flooding water depth was investigated in the present study. The effect of ipfencarbazone on Echinochloa spp. and transplanted rice did not differ significantly at flooding water depths of 1-8 cm (Fig. 8) . Under shallow water depth conditions, regardless of the period between application and reflooding, the dry weight of transplanted rice slightly decreased (Fig. 9) . Ogasawara et al. 11) reported that the phytotoxicity of specific herbicides against transplanted rice had worsened at the shallow water depth. The result of the present study suggests that the ability of ipfencarbazone was hardly affected by water depth. However, the dry weight of transplanted rice tended to decrease if the period between application and reflooding was prolonged, which suggests that quick reflooding after application is important to prevent damage to rice plants.
To use herbicides in simultaneous application with transplanting, the herbicides require sufficient residual activity to control weeds for a long time. Suzuki et al. 17) reported that if weeds are controlled for 40 days after transplanting, the interference of weeds with rice seedlings is negligible regardless of transplanting time. The result of the present study showed that ipfencarbazone inhibited the emergence of Echinochloa spp. for more than 40 days, even with fluctuations in water leakage, soil texture and overflow (Figs. 3, 5, 7) . These findings indicate that ipfencarbazone can exhibit sufficient residual activity even when applied during rice transplanting.
The results of the present study reveal that the herbicidal activity and phytotoxicity of ipfencarbazone at a practical dose were hardly affected by the temperature, soil texture, water leakage, overflow, or flooding water depth. Therefore, ipfencarbazone is suitable for application simultaneously with transplant-ing. In the practical use of ipfencarbazone, we would like to suggest that application of the herbicide should not be performed when uncontrolled outflow out is expected due to rainfall. Furthermore, the fields should be quickly reflooded when simultaneous application and transplanting are carried out. By being aware of and attentive to the above points, high herbicidal activity against Echinochloa spp. and safety for transplanted rice can be achieved more effectively with ipfencarbazone under various conditions.
